Abstract Titan's atmosphere is predominantly N 2 with CH 4 the next most abundant molecule. It has a mole fraction of 0.05 just above the surface decreasing to 0.014 in the stratosphere. Above the homopause (~800-850 km), it increases to 0.12 at the exobase. The third abundant molecule is H 2 with a tropospheric mole fraction of 0.001 increasing to 0.004 at ~1000 km and ~0.02 at the exobase (~1500-1600 km). This chapter reviews the various measurements acquired by the Voyager flybys, Huygens Probe, orbiting Cassini spacecraft, ground-based and orbiting telescopes of the large suite of hydrocarbons, nitriles, other nitrogen and also oxygen bearing compounds. Titan possesses a mostly stable troposphere with a well defined tropopause ( T ~ 70 K at ~44 km) and a lower stratosphere with a high static stability, which is extremely cold over the winter polar region (currently northern hemisphere) and warm over the summer pole. Remarkably in the middle stratosphere, the warmest temperatures occur at the equator and the largest meridional temperature gradients are found in the winter hemisphere. The stratopause from the summer pole to about 45° N remains at a relatively constant pressure of 0.1 mbar/300 km and then it rises rapidly upward to ~0.01 mbar/400 km at the winter north pole, where it is the warmest region in the entire atmosphere. One possible interpretation of the Huygens Atmospheric Structure Instrument (HASI) temperature profile is that Titan's atmosphere is essentially isothermal ~170 K from 500-1100 km, with large amplitude thermal waves (10 K) superimposed. The existence and location of a well defined mesopause is an open question.
The chemistry of Titan's atmosphere is driven by CH 4 photolysis in the thermosphere and catalytic reactions in the stratosphere, and by N 2 dissociation due to both UV photons and energetic electrons. Ethane is the most abundant gas product and HCN is the dominant nitrile. The mixing ratios of all photochemical species, except C 2 H 4 , increase with altitude at equatorial and southern latitudes, indicative of transport from a high-altitude source to a condensation sink in the lower stratosphere. Northward of 45º N, most product compounds are enriched as a consequence of subsidence in the winter polar vortex, particularly for nitriles and more complex hydrocarbons than C 2 H 6 and C 2 H 2 . North of 45º N, most products have lower increases with altitude than at low latitudes.
Historical Introduction
The fi rst defi nitive detection of an atmosphere on Titan was Kuiper's (1944) discovery of near-IR CH 4 bands in absorption. But it was not until the 1970s, that Titan became an object of intense study. Lewis (1971) noted that Titan's low density implied an interior composition rich in ices and suggested photolysis of outgassed ammonia would lead to a nitrogen atmosphere. Trafton (1972) reported the possible detection of H 2 and interpreted the 20 m m spectral region in terms of a strong greenhouse. Gillett et al. (1973) detected pronounced peaks at 12 (C 2 H 6 ) and 8 (CH 4 ) m m in narrow band spectra, which Danielson et al. (1973) interpreted as emission from a thermal inversion layer and substantial amounts of C 2 H 6 (~3 × 10 19 cm −2 ) in the atmosphere. Two NASA Workshops and their reports (Hunten 1974 ; Hunten and Morrison 1978) enhanced and focused the intense interest in Titan in anticipation of the Voyager fl ybys years later. Lewis' (1971) ideas for a nitrogen atmosphere from ammonia photolysis were pursued by Hunten (1978) and Atreya et al. (1978) . The ambiguous (at the time) spectroscopic evidence on what are the major atmospheric species and surface pressure was interpreted by Hunten (1978) to imply a very thick background atmosphere (~20 bar of nitrogen) in addition to the observed CH 4 . Danielson et al. (1973) , in contrast, interpreted the spectroscopic evidence in terms of a very thin few mbar atmosphere of mostly CH 4 . With these two divergent working models, the Voyager Missions' scientifi c objectives for Titan's atmosphere were well focused toward a defi nitive determination of its composition and structure. More pre-Voyager history and background may be found in the companion Chapter 2.
The Voyager spacecrafts yielded defi nitive measurements and answers to the outstanding questions at the time about Titan's atmosphere. The most noteworthy results were (1) composition, 97% N 2 , except in the lowest 15 km, with 1.5-3% CH 4 , <10% Ar, <5% CO (Broadfoot et al. 1981 ; Hanel et al. 1981 ; Strobel and Shemansky 1982 ; Strobel et al. 1993 ; Vervack et al. 2004 ) , (2) the density, pressure, and temperature profi les at equatorial latitudes from the surface up to 200 km from the Voyager radio (refractive) occultation experiment (Lindal et al. 1983 ; Lellouch et al. 1989 ) , (3) thermal and chemical structure from the Voyager IRIS Instrument at the surface, tropopause, and stratosphere at latitudes between 60º S to 70º N and detection of a large suite of hydrocarbons and nitriles in Titan's stratosphere (Hanel et al. 1981) , and (4) the equatorial thermospheric structure from the Voyager Ultraviolet Spectrometer solar (absorptive) occultation experiment for N 2 and CH 4 between 900 and 1400 km (Broadfoot et al. 1981 ; Vervack et al. 2004) . Additional Voyager background perspective can be found in Chapter 2.
The Cassini-Huygens Mission visited the Saturnian System some 20 years later with well-instrumented orbiting spacecraft and Huygens Probe, which descended to Titan's surface, to study in-depth Titan's atmosphere. In the following discussion the scientifi c discoveries and fi ndings from this Mission on the structure and composition are reviewed and integrated with scientifi c knowledge derived from ground-based and orbiting observatories and Voyager.
Vertical Structure of the Atmosphere: Mass Density, Pressure, and Temperature
To understand the structure of Titan's atmosphere one must keep in mind certain basic facts from solar system dynamics (cf. Fig. 10 .1 ). First, the axial tilt of Saturn and Titan is 26.73º and hence seasonal effects are important. Second, Saturn's orbital eccentricity is 0.05415, which yields a variation in the distance from the Sun of slightly greater than 1 AU and in the solar fl ux of ~20 %. Perihelion last occurred in 2003.56 and summer solstice in Titan's southern hemisphere was 2002.76, as shown in Fig. 10 .1 . The variation in solar distance and thus solar fl ux will be most important in the troposphere and stratosphere, whereas the much larger solar cycle variations in UV and EUV solar radiation will overwhelm the smaller eccentricity effects in the thermosphere. The Voyager spacecraft fl ybys were at high solar activity, whereas orbit insertion of the Cassini spacecraft in July 2004 was during the descending phase from peak activity, which occurred in April 2000, to solar minimum conditions in the August-November 2007 timeframe. Accordingly, the nominal Cassini-Huygens Mission was mostly at low solar activity. The most signifi cant spatial variation in a planetary atmosphere is the vertical stratifi cation due to gravity and characterized by an e-folding pressure scale height H, which for Titan varies from 15 to 100 km. As a consequence it is natural to take the distribution of the three thermodynamic variables that describe planetary atmospheres: mass ( r ) or number (n) density, pressure (p), and temperature (T) and write them, e. g. the latter as
The fi rst term is the vertical temperature profi le with T averaged over the globe on each height or pressure surface if z = -( ln ) H d p ∫ , depending on the altitude variable. The second term is temperature departure from the fi rst term averaged over longitude, f , on a latitudinal circle at latitude q and height z. The last term is the longitudinally varying departure from the fi rst two terms and characterizes waves in the atmosphere. Seasonal variations are presumed to be present in the latter two quantities and absent from the fi rst term in the troposphere and lower stratosphere, because of the long radiative time constants. Since most pronounced seasonal time variations are expected at high latitudes, 1D vertical profi les obtained at equatorial latitudes should be approximately equal to rigorously calculated T ( ) z from global data.
In Fig. 10 .2 , various 1D profi les obtained at equatorial latitudes are compared. For the Voyager radio occultation data acquired at 6.2ºN and 8.5ºS, the Lellouch et al. (1989) analysis is adopted. For the UVS solar occultation data taken at 4ºN and 16ºS, the Vervack et al. (2004) profi le is shown and would imply T ~ 155 K atmosphere, if isothermal. From these data sets, the Yelle et al. (1997) engineering model was constructed for Cassini-Huygens Mission planning. Note that the agreement of this model with the Huygens Atmospheric Structure Instrument (HASI, Fulchignoni et al. 2005 ) density profi le was excellent below 600 km. HASI measured entry deceleration from which density was derived directly down to an altitude of ~175 km, but pressure and temperature were inferred with the assumption of hydrostatic equilibrium. After ejection of the aeroshell and parachute deployment at z ~ 150-175 km, the pressure and temperature were independently measured and density derived from the equation of state for a real gas.
The lack of any change in Titan's lower atmosphere between the Voyager fl ybys and Huygens Probe is easily understood by the very long radiative time constants (~300 year at 10-20 km, ~60 year at 50 km) in comparison to a Saturnian year (= 29.5 year). In the thermosphere, the mass density measured by HASI is higher by up to a factor of 2 than inferred by Vervack et al. (2004) from the Voyager solar occultation measurements. The Voyager data were taken during solar maximum activity, whereas the HASI data were obtained when solar activity was between medium and minimum solar activity. Hence one would have expected Titan's upper atmosphere to have contracted relative to the Voyager epoch. Note that the Vervack et al. (2004) inferred temperature ~155 K, is about 20 K colder than HASI, so that extrapolating their densities to lower altitudes would merge with the HASI densities at ~1000 km. However due to Saturn's elliptical orbit around 0  25  50  75  100  125  150  175  200  225  250  0   100   200   300   400   500   600   700   800   900   1000   1100   1200   1300   1400 10 -11 10 -12 10 -10 10 -9 10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 10 0 10 1 10 2 10 3 the Sun, Titan was at 9.44 AU during the Voyager 1 fl yby and 9.04 AU, at the time of Huygens Probe entry. This could explain the expanded atmosphere, but not the colder temperatures in the thermosphere as the solar EUV and UV fl uxes at solar maximum activity for Voyager fl ybys ratioed to solar fl uxes pertinent to Probe descent would be ~2, more than enough to offset the (9.44/9.04) 2 ~1.09 factor due to Titan being closer to the Sun during the Probe descent. There is presently no explanation for the temperature difference between Vervack et al. and HASI. Also shown in Fig. 10 .2 is the Ion Neutral Mass Spectrometer (INMS) in situ data averaged for the northern hemisphere , which is about a factor of 2.4 lower than the HASI densities at 10.3º S. As discussed in more detail below and in Chapter 11, the drag and torque on the Cassini spacecraft allow determination of densities, which are systematically higher than measured INMS densities by a factor of ~2.6 on each pass through the upper atmosphere when INMS is making measurements of the neutral atmosphere. The drag determined densities from HASI support the Cassini spacecraft derived values.
With reference to Fig. 10 .2 , Titan possesses a well defi ned equatorial tropopause with T = 70.43 ± 0.25 K at 44 km. Based on the mean temperature profi le the troposphere is statically stable. The low temperatures and high densities in the troposphere require that the atmosphere be treated as a real rather than an ideal gas. Titan's lower stratosphere has a high static stability with dT/dz ~1 K km −1 , from strong solar heating by its haze absorbing visible and UV radiation and near-IR CH 4 absorption (cf. Sec. 10.4.1). The stratopause according to HASI data is located at 260 km where T = 187 K. However, the CIRS stratospheric temperature retrievals do not agree with the HASI location and instead place it at ~312 km, where T = 183 K (Vinatier et al. 2007a) . At this altitude, the HASI temperature is 184 K, but more important the CIRS temperature is 181 K at 265 km, and computation of the IR radiance with the HASI derived atmosphere is inconsistent with the observed CIRS CH 4 7.7 µm band radiance. In spite of these differences in temperature, there is remarkable agreement in mass densities up to 500 km, the upper boundary for CIRS retrievals. Fulchignoni et al. (2005) identify the temperature minimum, 153 K at 494 km, as the Titan mesopause. The Yelle et al. (1997) engineering model required a well defi ned mesopause somewhere to satisfy Voyager data obtained in the lower/middle atmosphere and the thermosphere, but its location and minimum temperature were less constrained. Just above this HASI minimum is a pronounced temperature inversion with peak temperature of 169 K and temperature gradient of ~3.5 K km −1 . This feature was previously detected in stellar occultation measurements, (e. g., Sicardy et al. 2006 ) and is the location of a detached haze layer (Porco et al. 2005) . Only a very small optical depth would suffi ce to absorb suffi cient solar radiation to balance the implied substantial heat loss by thermal conduction (Lavvas et al. 2009 ) .
The HASI temperature profi le contains oscillations growing in amplitude above 200 km, which is consistent with propagating waves in a gas with exponential decreasing density, a possibility anticipated by Strobel and Sicardy (1997) in their engineering study. One possible interpretation of the HASI temperature profi le is that Titan's atmosphere is essentially isothermal ~170 K from 500-1100 km, with large amplitude thermal waves (10 K) superimposed on an isothermal basic state. Calculation of the wave temperature lapse rate ( dT/dz ) yields values that exceed the adiabatic lapse rate ( = g/c p , which varies from 1.24 at the surface to 0.56 K km −1 at 1400 km) at multiple altitudes throughout the atmosphere with the conclusion that the waves attain breaking/saturation amplitudes (cf. Fig. 3 in Fulchignoni et al. 2005) . The large vertical wavelengths associated with the largest amplitudes imply either strong horizontal winds and/ or high phase speeds for propagating waves.
The mean temperature profi le above 1000 km does not have to be isothermal. Strobel (2008) has theorized that the large escape rates deduced from Cassini INMS data for CH 4 and H 2 Cui et al. 2008) can be explained by slow hydrodynamic escape, with no requirement for large non-thermal escape. The bulk outfl ow produces adiabatic cooling and approximately T ∝ r −1 . Superposition of waves on this slowly decreasing mean temperature profi le could also account for the derived HASI temperature (and density) data above ~1000 km. Potential wave sources are gravitational tides, large wind shear creating Kelvin-Helmholtz instability, and gravity waves forced by topography. Further discussion on wave dynamics of the atmosphere is found in Chapter 13.
The Height and Latitude Structure of the Atmosphere
Below the relevant Cassini observations performed during the nominal mission (RSS radio occultations, CIRS remote sensing, UVIS solar and stellar occultations, and INMS in situ measurements) are discussed with an emphasis on the height and latitude variations of density, pressure, and temperature.
Radio Occultations
There was only one Titan earth occultation of the Voyager spacecraft (Vgr 1), with ingress at 6°N and egress at 9°S. The retrieved temperatures were nearly identical in the troposphere, with a lapse rate close to the dry adiabat in the lowest 3-4 km. Cassini had four occultations by Titan, with ingress and egress soundings at 74°S, 69°S, 53°S, 34°S, 33°S, 32°S, 53°N, 74°N. Although the data have not been fully analyzed, the occultations agree with the Voyager IRIS observations in indicating a small meridional variation of temperature in the troposphere. At the tropopause, temperatures retrieved from the occultations vary by 4-5 K. Near the surface they differ by ~3 K or less. The coldest temperatures are at higher northern latitudes. Temperature profi les near 30°S are nearly adiabatic above the surface. At higher latitudes they become more stably stratifi ed above the surface and in the winter, northern latitudes, temperatures are isothermal or have an inversion above the surface. Data for the lower northern polar stratosphere is of particular interest, because accurate retrievals from CIRS far-IR limb soundings are exceedingly diffi cult and there is no information from CIRS mid-IR soundings of the polar lower stratosphere as it is too cold.
Remote Sensing
In Fig. 10 .3 , the temperature of Titan's stratosphere and mesosphere is displayed as a function of latitude (75º S to 75º N) and pressure (0.001 to 10 mbar) and based on CIRS data acquired over the period from July 2004 to September 2006 ) . Referring to Fig. 10 .1 , this period is mostly solstitial. While no altitude scale is shown, one can refer to Fig. 10 .2 and use the altitude scale for the CIRS 15S profi le, which should be reasonable for latitudes spanning 65º S to 30º N. Remarkably in the stratosphere, the warmest temperatures occur at the equator and the largest meridional temperature gradients are found in the winter (currently, northern) hemisphere rather than in the summer (southern) hemisphere. The other noteworthy feature is the extremely cold lower polar stratosphere in the northern winter hemisphere, where the temperatures decrease by ~25-30 K from 30º N to 75º N on constant pressure surfaces between 1 and 10 mbar. The stratopause remains at a relatively constant altitude and pressure of 300 km and 0.1 mbar, respectively from the summer pole to about 45º N, and then it rises rapidly upward to ~400 km at the winter north pole. In fact, the warmest region in the entire atmosphere is the winter, northern polar "stratopause" at ~0.01 mbar/400 km and about 20 K warmer than the equatorial and summer, southern regions. The polar night only extends to 315 km, so it's possible that this warm region may have a diabatic origin. However, the enhanced mixing ratios of nitriles and hydrocarbons at winter, northern polar latitudes (cf. Fig. 10 .10 ) suggests that subsidence and adiabatic heating is certainly occurring. At 19 m m, CIRS detects thermal radiation from the surface because the atmospheric opacity is small and the latitudinal variation of surface temperature can be inferred from brightness temperatures. Jennings et al. (2009) fi nd that the north pole surface is 3 K lower and the south pole surface 2 K lower than the equatorial surface temperature of 93.7 ± 0.6 K, equal to the HASI value at 10º S. While HASI and refractive stellar occultations (discussed below) have detected wave structure in the atmosphere, CIRS has not to date and can only place an upper limit on wave temperature amplitudes of ~1 K. But it must be kept in mind that CIRS can only probe the atmosphere up to ~500 km, and then in the limb mode. The total data coverage of the atmosphere to date is limited in extent and it is possible that waves may be detectable by CIRS eventually. However, it is necessary to average CIRS spectra with a consequent loss of spatial resolution.
Solar and Stellar Occultations
The Voyager UVS solar occultations were equatorial and provided the extraordinary measurement that CH 4 was well mixed up to at least 1000 km (Vervack et al. 2004 ) , since confi rmed by the INMS (Waite et al. 2005 ; Yelle et al. 2008) . The Cassini Ultraviolet Imaging Spectrometer (UVIS) has performed two solar occultations during the nominal mission, but no published reports are available on the results. Shemansky et al. (2005) have reported on the fi rst UVIS stellar occultations. Their inferred temperature profi le above 400 km contains (1) a convective region around 450 km where the temperature gradient is adiabatic and (2) a mesopause at 615 km with T = 114 K. By comparison, the HASI temperature was ~175 K there. When the UVIS retrieved temperature profi le is used with the hydrostatic equation and lower boundary condition at 400 km from CIRS and HASI data to calculate the N 2 density profi le, one obtains at 1200 km an N 2 density that is a factor of ~8 and ~20 times lower than measured by INMS and HASI, respectively. Also the UVIS inferred CH 4 densities at 1200 km when coupled with this calculated N 2 density implies that CH 4 /N 2 ratio is ~0.5, also at variance with INMS values of ~0.035 at 1200 km. The INMS mixing ratios for major species should be far more accurate than absolute values of individual densities. Note that interstellar hydrogen ionizes and cuts off the stellar UV fl ux below 91.1 nm. Above this wavelength N 2 UV absorption occurs only in predissociated electronic bands that are very diffi cult to interpret at UVIS spectral resolution.
Beside absorptive occultations, there have been a few refractive stellar occultations (July 1989; 21 August 1995; 20 December 2001; two on 14 November 2003) mostly at visible wavelengths. These occultations were measured with ground-based telescopes, while the previously discussed ones were measured by onboard Cassini instruments. For the November 2003 events as representative, Sicardy et al. (2006) probed the 0.1-250 m bar region of Titan's atmosphere. However, the 0.1-1 m bar region is subject to initial conditions in their onion peeling analysis procedure and for pressures greater than 12 m bar (400 km), the stellar fl uxes are attenuated by haze absorption in addition to the usual refraction effects. The retrieved temperature profi le is in essential agreement with the HASI temperature profi le and, in particular, the presence of abundant wave signatures and temperature gradients that exceed the adiabatic lapse rate. As noted above, there is a pronounced thermal inversion layer at 1.5 m bar (~507-515 km). From the central fl ash analysis which extracts latitudinal information, Sicardy et al. (2006) found an isopycnic surface equal to approximately the 250 m bar surface which rises about 50 km in altitude above an arbitrary north pole reference height when 45º N is reached and remains relatively constant all the way to the south pole. This is consistent with very strong stratospheric zonal winds in the winter northern hemisphere and much weaker zonal winds in the summer hemisphere, as found by CIRS 
In Situ Measurements
The fi rst in-situ measurements of Titan's upper atmosphere were carried out by the Cassini INMS during the first targeted Titan fl yby (TA) on 26 October 2004. This initial dataset has been considerably expanded with subsequent targeted fl ybys, of which a total of 19 offered the INMS adequate observing conditions and produced data of sufficient quality. The INMS measured gas densities during 13 fl ybys primarily in the northern hemisphere and during the remaining 6 fl ybys in the southern hemisphere. Altitudes of closest approach ranged from 950 km (T16) to 1175 km (TA). The INMS can measure either in the Closed Source Neutral (CSN) or Open Source Ion (OSI) mode to retrieve neutral or ion densities, respectively. Ion composition was measured only during 9 of the 19 fl ybys and neutral densities during all, though not always on both inbound and outbound parts of the fl ybys.
Using the neutral gas density measurements of N 2 and CH 4 in the northern hemisphere, Müller-Wodarg et al. (2008) constructed a simple empirical model of gas densities and temperatures in the northern hemisphere based on fl ybys TA-T32. During these fl ybys the solar declination angle on Titan changed from -23˚ to -11˚, so the season was in transition between southern hemisphere summer conditions and equinox. The model by Müller-Wodarg et al. (2008) can hence be regarded as an average representation of Titan's winter hemisphere. The vertical range is from 1000 to 1600 km, covering altitudes that were suffi ciently sampled by the INMS. In their statistical analysis of the INMS N 2 and CH 4 densities, Müller-Wodarg et al. (2008) found no consistent trends with longitude or local time, which however may partly be due to uneven sampling which favored polar nightside or low latitude dayside measurements, primarily in Titan's Saturn-facing longitude sector . A clear latitudinal trend was detected in the INMS densities at fi xed height levels above around 1100 km ( Fig. 10 .4 ), with densities increasing towards the equator by around 70%. The density model was used to infer thermospheric temperatures in Fig. 10 .4 which decrease with height from 149 ± 10 K at 1000 km to 140 ± 13 K near 1600 km, and with latitude below 1200 km with values near 1000 km from 164 ± 6 K at 20˚N to 131 ± 6 K near 80˚N.
While in-situ observations by the INMS have been made in the southern hemisphere during 9 passes, the statistical variation between these has been too large to derive a consistent latitudinal trend. Preliminary analysis of the structure of the southern hemisphere suggests temperatures to be warmer by ~10-15 K there than average values in the northern hemisphere, as expected from solar heating.
While the INMS has provided the most comprehensive set of observations yet in Titan's thermosphere, one uncertainty remains in the absolute calibration of densities. Comparison of INMS densities with those by the HASI observations at equatorial latitudes near 1000 km latitude shows INMS values to be 2.4 times smaller than the HASI values. The Cassini Attitude and Atriculation Control Subsystem (AACS) detects torques on the spacecraft as it enters Titan's upper atmosphere on each fl yby, providing an additional independent measurement of total density. Comparison of AACS-derived densities at 1000 km and those from the INMS show INMS densities to again be smaller by an average factor of 2.6 than those from the AACS, very similar to the discrepancy factor between HASI and INMS at that altitude. This unresolved discrepancy however does not affect the inferred temperatures.
Interpretation of Atmospheric
Temperature Structure
Radiative Budget of Troposphere and Stratosphere
Solar energy is absorbed in Titan's atmosphere through methane and haze absorption and at the surface. The Descent Imager/Spectral Radiometer (DISR) aboard the Huygens probe measured the downward and upward fl uxes of sunlight at wavelengths from 350 to 1600 nm and altitudes from 150 to 0 km. These measurements have been analyzed to derive the vertical distribution and optical properties of haze aerosols (see Chapter 12), the absorption coeffi cients of methane in Titan's conditions, and the solar energy deposition profi le at the latitude of the Huygens landing (10°S) . Averaged over a Titan day at the location and season of the Huygens landing, about 78% of the incoming sunlight is overall absorbed: ~11% at the surface, ~48% in the atmosphere below 150 km and ~19% above. The disk-averaged solar fl ux profi le, calculated with the Huygens haze model, is shown in Fig. 10 .5 . It is in remarkable agreement with the earlier estimate of McKay et al. (1989) based on groundbased albedo and Voyager data. Radiative cooling of the atmosphere occurs through thermal emission by haze particles and gases beyond ~7 m m (molecular bands and collision-induced opacity). Tomasko et al. (2008) calculated the radiative cooling rate profi le at latitudes and time close to the Huygens landing using Cassini/CIRS nadir and limb measurements. As shown in Fig. 10 .5 , collision-induced opacity is the main source of atmospheric cooling below 80 km while, above, molecular Titan years at 20 km. The cooling rate profi le is close to that determined by Bézard et al. (1995) at 53°S from Voyager data at northern spring equinox. In the region best constrained by the Voyager/IRIS measurements (140-250 km), the two profi les agree within 20%. The CIRS-derived cooling rate profi le around 10°S is very close to the disk-averaged heating rate profi le based on the Huygens haze model. Both decrease by three orders of magnitude from 350 to 10 km and agree at all levels within 50%. On the other hand, the solar heating rate at 10°S exceeds the cooling rate at all altitudes below 160 km, with a maximum net heating of about 0.5 K per Titan day located around 120 km. The general circulation likely redistributes this excess heat to higher latitudes. Bézard et al. (1995) have shown that the latitudinal variations of composition strongly affect the radiative forcing in the stratosphere. At 50°N, the cooling rates derived from Voyager in the range 120-270 km (5-0.15 mbar) were some 20-40% larger than at 53°S despite the colder temperatures (7 to 15 K), a consequence of larger concentrations of infrared emitters (gas and particles). But, as the heating rate was also larger, radiative balance was still approximately achieved at this location within error bars. Using a general circulation model, Lebonnois et al. (2003b) also pointed out the strong enhancement of radiative cooling at high winter latitudes induced by the larger concentrations of some gases (C 2 H 6 , C 2 H 2 and HCN). This thermal effect was found similar to that due to the coupling between aerosols and the general circulation (Rannou et al. 2002) in the mesosphere but smaller in the stratosphere around 1 mbar (190 km).
Radiative Processes in the Upper Atmosphere
Above 400 km (~0.03 mbar) non-LTE effects become important for hydrocarbon cooling rates as shown by Yelle (1991) . Above 700 km (~0.1 m bar) he showed that HCN LTE rotational line cooling dominates radiative cooling to the exobase. The dominant heating processes above 400 km are near-IR CH 4 heating by absorption of solar radiation in the 1.7, 2.3, and 3.3 m m bands. Above ~650 km solar UV CH 4 heating emerges as the principal heat source and above 900 km, the thermosphere is, to zeroth order, in radiative equilibrium where solar EUV/UV heating is balanced by HCN rotational line cooling (Yelle 1991) . Without HCN cooling calculated thermospheric temperatures would far exceed the observed values. Yelle's models consistently predicted a pronounced mesopause at 600 km (~0.5 m bar) with ~25 K temperature drop from the 300 km temperature, whereas HASI data suggested the mesopause is at 494 km (Fulchignoni et al. 2005 ) with a temperature minimum of 153 K to be compared with ~185 K at 300 km. In Fig. 10 . Cooling rates are best constrained in the ranges 10-65 km and 90-400 km and heating rates below 200 km. The radiative time constant (defi ned here as the temperature divided by the cooling rate) is also shown ( right y-scale ) with the HASI profi les. As noted above the steep temperature gradient in the HASI temperature profi le above 494 km and inferred by Sicardy et al. (2006) from stellar occultations requires solar heating of the detached haze layer detected by Porco et al. (2005) . Above this haze layer, Liang et al. (2007b) present evidence that the aerosols extend up to 1000 km. Heating associated with discreet haze layers and the broad distribution of aerosols above the visible disk of Titan were not included in the Yelle (1991) model, but were included in Lavvas et al. (2009) , who used the Yelle computer code and found that the net effect was to raise the mesopause by ~50 km without changing its temperature, in farther disagreement with the HASI inferred mesopause at 494 km.
Composition
This section emphasizes the observational facts and divides the composition into four major categories. The major constituents, N 2 , CH 4 , H 2 , and the inert, noble gases all have long chemical time constants and hence are expected to be well mixed throughout the homosphere, which extends from the surface to about 800-850 km ) . The one exception to being well-mixed is CH 4 , which is condensable in the troposphere. Minor constituents are subdivided into three main classes: pure hydrocarbons, nitriles, and molecules containing oxygen.
Major Constituents and Inert, Noble Gases
From the Voyager Mission, the major constituents of the atmosphere were known. But there was considerably uncertainty in the CH 4 mixing ratio: its variation in the troposphere, its magnitude in the stratosphere, and whether the tropopause region was an effective cold trap. The Huygens Gas Chromatograph Mass Spectrometer (GCMS) provided definite answers to these questions (Niemann et al. 2005) . The tropospheric CH 4 mixing ratio (mole fraction) is variable with a maximum value just above the surface of 0.0492 and decreases gradually to initially an asymptotic value of 0.0162 at 32 km, and then more slowly to its measured stratospheric value of 0.0141 as shown in Fig. 10 .6 . In addition to GCMS, the Huygens Descent Imager/Spectral Radiometer (DISR) measured the surface CH 4 mixing ratio by near-IR spectroscopy to be 0.051 ± 0.008, in agreement with GCMS (Jacquemart et al. 2008) . The CIRS inferred stratospheric value of 0.016 ± 0.005 (Flasar et al. 2005 ) is consistent with the in situ measurement.
The third most abundant species is H 2 , for which GCMS has not reported a value. From the Voyager IRIS measurements the H 2 inferred mixing ratio was 0.00112 ± 0.00016 by Samuelson et al. (1997) and 0.001 ± 0.0004 by Courtin et al. (1995) . CIRS measurements yield the same mixing ratio: 0.00096 ± 0.00024 southward of 40º N (Courtin et al. 2008) . These values are appropriate for the troposphere/tropopause region. At very high altitudes INMS fi nds the H 2 mixing ratio to be 0.00405 ± 0.00003 (Waite et al. 2005) . Given the large separation distance (~1000 km) between these two independent measurements, the factor of 4 difference would not seem signifi cant except that H 2 tends to be essentially uniformly mixed throughout the atmosphere due to its long chemical lifetime and its enormous escape rate out of the atmosphere (1.1 × 10 28 s −1 , Cui et al.; which is essentially equal to the maximum possible rate. This small positive gradient in the H 2 mixing ratio is not produced in photochemical models to date and remains a challenge to modelers.
The 40 Ar isotope is an important tracer used to determine vertical mixing in the atmosphere and the location of the homopause (cf. Yelle et al. 2008 ) . The measured tropospheric mixing ratio by Huygens GCMS is (4.32 ± 0.1) × 10 -5 Fig. 10.6 The mole fraction of CH 4 to N 2 versus altitude. The CH4 mole fraction is 0.0141 in the stratosphere., at ~8 km, it reached a plateau of about 0.049. The inset shows an increase of CH 4 at 16 m/z, when compared to N 2 (in this case 14 N + ) at m/z = 14, near 16 km. This is probably due to condensates evaporating in the inlet system of the mass spectrometer as the Huygens probe passed through the methane haze (after Niemann et al. (2005) (Niemann et al. 2005) , whereas in the thermosphere INMS measured (7.1 ± 0.1) × 10 -6 (Waite et al. 2005) . Primordial 36 Ar is much less abundant, only (2.8 ± 0.3) × 10 -7 (Niemann et al. 2005) . Other noble gases, Ne, Kr, and Xe, were not detected by the Huygens GCMS. The Huygens GCMS placed an upper limit of 10 -8 on Kr and Xe, well below their cosmogonic abundance, as was also the very low, constraining value for 36 Ar. The 14 N/ 15 N isotope ratio measured in situ in N 2 by the GCMS (183; Niemann et al. 2005 ) is a factor three larger than that inferred from HCN (Vinatier et al. 2007b ) . The implications of these isotopes for the evolution of Titan's nitrogen atmosphere are discussed in detail in Chapter 7.
Minor Constituents -Hydrocarbons Other than Methane
Voyager/IRIS observed a suite of hydrocarbons produced from methane photochemistry and mapped their abundances in the lower stratosphere between 50°S and 70°N . Cassini/CIRS improved over the IRIS observations thanks to a higher spectral resolution (up to 0.5 cm −1 ), a broader spectral range (10-1500 cm −1 ), the use of limb-viewing geometry, and a much more extended spatial and temporal coverage ( Fig. 10.7 ) . Nadir measurements provide information on the mean gas abundances in a broad region usually centered around 120 km while limb-viewing measurements probe the atmosphere up to ~500 km.
The hydrocarbon mixing ratios in the lower stratosphere have been derived by Coustenis and Bézard (1995) , Flasar et al. (2005) , and Coustenis et al. (2007) from IRIS and CIRS nadir spectra respectively ( Fig. 10.8 ) . Ethane (C 2 H 6 ) is the most abundant photochemical product (~10 ppm at 120 km), followed by acetylene (C 2 H 2 ), propane (C 3 H 8 ), ethylene (C 2 H 4 ), methyl acetylene (CH 3 C 2 H), diacetylene (C 4 H 2 ) and benzene (C 6 H 6 , which was not detected in IRIS spectra). The mixing ratio decreases with the complexity of the molecule as would be expected and, for a given number of C-atoms, saturated species are more abundant that unsaturated ones. All hydrocarbons are more abundant northward of 45°N. This enrichment is larger for C 4 H 2 and CH 3 C 2 H than for the more stable species C 2 H 6 and C 2 H 2 . It is more pronounced in the Voyager data recorded in 1980, a season close to northern spring equinox, than observed by Cassini in 2005 shortly after winter solstice (Figs. 10.1 and 10.8 ) . In contrast, images taken in the period 1999-2002 with the Keck telescope at 8-13 m m suggest an accumulation of C 2 H 4 in the polar stratosphere south of 60°S (Roe et al. 2004 ) . If real, this polar enhancement, persisting through late southern Spring, has rapidly disappeared as it was not seen by Cassini three years later, i.e. one tenth of a Titan year later.
Vertical profi les have been inferred from two CIRS sequences combining nadir and limb spectra at 15°S and 80°N (Vinatier et al. 2007a ) and subsequently at other latitudes (Vinatier 2007 ; Teanby et al. 2008b) . Information is available from about 500 km down to 100-150 km. At southern and mid northern latitudes, all mixing ratio profi les, except ethylene, increase with height ( Fig. 10.9 ). This results To analyze the observations, the temperature profi le is fi rst retrieved from the 1305 cm −1 (7.7 m m) methane band and the gas mixing ratio profi les are derived from the corresponding emission bands (from Bézard 2009)) 0 from photochemical production in the upper atmosphere (>500 km) and loss by condensation in the lower stratosphere (60 to 100 km depending on the species), which together maintain a positive concentration gradient. This gradient is moderate for C 2 H 6 and C 2 H 2 and steepest for C 4 H 2 which undergoes chemical losses in the stratosphere (see Fig. 10.9 ) . Ethylene is the only species whose mixing ratio decreases with height between 120 and 250 km, a behavior that may result from the fact that it does not condense and can be enriched in the lower atmosphere by equatorward transport of polar air (Crespin et al. 2008) . At high northern latitudes, beyond 45°N, the vertical profi les change drastically and exhibit larger concentrations in the lower stratosphere at least below 250-300 km (Figs. 10.9 and 10.10 ). At 50-60°N, concentration minima are seen at 350-400 km for C 4 H 2 and C 2 H 2 . These minima also exist at ~80°N but seem to occur at somewhat lower altitudes (~300 km) and be less pronounced. At this latitude (80°N), minima are also observed for CH 3 C 2 H, C 2 H 4 and C 2 H 6 as shown in Fig. 10 .9 . A similar pattern exists for nitriles and likely results from dynamical processes associated with the polar vortex as discussed in Sec. 10.5.3. Little is known on the vertical profi le of benzene, the least abundant hydrocarbon detected: at 79°N, its mixing ratio is constant within error bars (3-4 ppb) between 180 and 320 km (Vinatier 2007) , i.e. about 10 times larger than at mid-latitudes and ~120 km (Coustenis et al. 2007 ) . Above 500 km, the atmospheric composition can be probed by stellar or solar occultations observed from spacecraft. A reanalysis of the Voyager 1 UVS solar occultations at latitudes of 4°N (ingress) and 16°S (egress) provided density profi les of two hydrocarbons besides methane: C 2 H 2 and C 2 H 4 (Vervack et al. 2004 ) . The C 2 H 2 mixing ratio agrees very well with that derived from Cassini/CIRS at 15°S (Fig. 10.9 ) while the C 2 H 4 value is about 2 orders of magnitude larger than the CIRS value at 240 km, suggesting that a minimum exists in its mixing ratio profi le somewhere between 250 and ~450 km. Above 500 km, the mixing ratios of C 2 H 2 and C 2 H 4 increase with height to reach respectively (0.6-2) × 10 -3 and (0.3-2) × 10 -3 at 950 km, pointing to a source at higher altitudes. A stellar occultation observed by Cassini/UVIS at 36°S provided density profi les of several hydrocarbons between ~1000 km and a lower limit ranging from 615 to 845 km (Shemansky et al. 2005 ) . The C 2 H 4 number densities inferred between 845 and 1000 km agree within error bars with those from Voyager 1 UVS. On the other hand, the C 2 H 2 number density at 615 km is about 20 times larger than the UVS value at the same altitude and the corresponding mixing ratio (assuming a CH 4 mole fraction of 0.014) is about 50 times larger than the CIRS value at 500 km, which casts doubts on the reported UVIS results.
At higher altitudes, the composition of the thermosphere and ionosphere has been probed in situ by the INMS aboard Cassini. During the fi rst low-altitude pass through Titan's atmosphere at ~39°N latitude (Ta), INMS detected the neutrals C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 4 , C 4 H 2 and C 6 H 6 around 1200 km. Benzene has been detected by INMS in many passes through Titan's atmosphere. An analysis of the signals recorded during T16 indicates a mole fraction of 1.3 × 10 -6 at 950 km near the North Pole ) . This implies an ionospheric source of about 10 7 molecules cm −2 s −1 , of the same magnitude as the neutral production rate in the stratosphere needed to explain the CIRS abundance. Measurements of ion densities coupled with simple chemical models provide an additional probe of the composition of the neutral atmosphere. This allowed the detection of C 2 H 4 , polyynes (C 4 H 2 , C 6 H 2 , C 8 H 2 ) and possibly methylpolyynes (CH 3 C 4 H, CH 3 C 6 H) and a determination of their mole fractions around 1100 km at 74°N during the T5 fl yby (Vuitton et al. 2006 (Vuitton et al. , 2007 . A review of the composition of Titan's thermosphere and ionosphere can be found in Chapter 11. 
Minor Constituents -N-Bearing Species and Nitriles
Voyager/IRIS and Cassini/CIRS detected three nitriles in Titan's stratosphere: hydrogen cyanide (HCN), cyanoacetylene (HC 3 N) and cyanogen (C 2 N 2 ) Teanby et al. 2006) . Mixing ratios derived from nadir spectra are shown in Fig. 10 .8 as a function of latitude, assuming uniform profi les above the condensation levels. HCN, the simplest and most abundant nitrile, is detected at all latitudes. Its mixing ratio is fairly constant southward of 20°S (~1 × 10 -7 around 150 km) and gradually increases towards the north. The north-to-south asymmetry is more dramatic for the two other species. In particular, the C 2 N 2 signature is extremely weak in CIRS spectra of the southern hemisphere and equatorial region and indicates a mixing ratio as low as 6 × 10 -11 ). On the other hand, it is clearly detected at high northern latitudes with a mixing ratio of 9 × 10 -10 at 50°N and around 3 × 10 -9 beyond 70°N. As for hydrocarbons, the enhancement of nitriles north of ~45°N was more pronounced at the Voyager encounter time than at the beginning of the Cassini mission. Vertical profi les of HCN and HC 3 N have been derived using CIRS limb observational sequences in the range 100-500 km at a variety of latitudes Vinatier 2007 ) . From southern to mid-northern latitudes (<40°N), the HCN mole fraction increases regularly with height (by a factor of ~30 from 100 to 400 km) while HC 3 N exhibits a much steeper gradient, increasing by at least 3 orders of magnitude between 200 and 500 km. The HC 3 N profi le is consistent with those derived from ground-based millimeter and submillimeter heterodyne observations (Marten et al. 2002 ; Gurwell 2004 ) that do not resolve Titan's disk and are thus more heavily weighted towards mid-latitudes (30°S-30°N). At latitudes northward of 45°N, the profi les are more uniform below 250-300 km while concentration minima are observed around 350-400 km for HCN and 320 km for HC 3 N. The HCN minimum is more pronounced (and slightly higher) and blue dashed lines show the region with the steepest horizontal potential vorticity gradient, which indicates a dynamical mixing barrier (from Teanby et al. 2008) at 50-60°N than at 80°N, leading to an HCN-depleted zone limited in latitude and altitude, as shown in Fig. 10 .10 (Teanby et al. 2008b) . A CIRS limb sequence at 82°N with high vertical resolution (10 km) has revealed a layered structure in the profi les of HCN and HC 3 N, with variations of about an order of magnitude over a few tens of km ) . This structure is reminiscent of the discrete haze layers seen in Cassini images (Porco et al. 2005 ) and might imply a close connection between hazes and nitriles. Acetonitrile (CH 3 CN) has only been observed from the ground (Marten et al. 2002) . Its disk-averaged mole fraction is about 20-50 times lower than that of HCN in the 200-500 km range, slightly increasing with height from (0.8 to 4) × 10 -8 in this interval. Below 150 km, it decreases sharply down to the condensation level around 80 km with a vertical gradient even steeper than for HC 3 N.
The enrichment of hydrocarbons and nitriles in the stratosphere at winter latitudes seems to be roughly correlated with their vertical concentration gradient at low latitudes and anti-correlated with their lifetime in the stratosphere (e.g. Teanby et al. 2009 ; Bézard 2009 ). This is consistent with subsidence in the winter polar vortex, bringing air rich in photochemical compounds from their formation region in the upper atmosphere down to the stratosphere (see Sections 10.6 and 10.7 and Chapter 13). The polar vortex acts to isolate high winter latitudes but details of the hydrocarbon and nitrile distributions, such as the concentration minima observed at 350-400 km, provide evidence for dynamics more complex than predicted by general circulation models (Teanby et al. 2008b) .
Above the region probed by thermal emission measurements, information is scarce. The Voyager UVS occultation data saw evidence for absorption by HCN and/or HC 3 N but could not disentangle the two. The Cassini UVIS occultation at 36°S indicates a HCN mole fraction around 3 × 10 -5 at 615 km increasing to 1 × 10 -3 at ~1000 km (assuming a CH 4 mole fraction of 0.014) but these data may need to be reanalyzed (see Section 10.3.3). Cassini INMS detected in situ HCN, HC 3 N and C 2 N 2 around 1200 km at ~39°N with a mole fraction less than 5 ppm (Waite et al. 2005) . Ion measurements conducted during a low-altitude pass at 1027 km near 74°N latitude were analyzed to determine indirectly the abundances of several N-bearing molecules (Vuitton et al. 2006 (Vuitton et al. , 2007 . The HCN, HC 3 N and CH 3 CN mole fractions derived from INMS data are much larger than the CIRS or ground-based measurements at 500 km (about 10, 30 and 200 times respectively), which implies production in the upper atmosphere and transport or diffusion to lower levels. INMS data also provide the fi rst evidence for the presence of cyanobutadiyne (HC 5 N) at the ppm level, acrylonitrile (C 2 H 3 CN), propionitrile (C 2 H 5 CN), ammonia (NH 3 ), methyleneimine/methanimine (H 2 CNH), probably methylcyanopolyynes (CH 3 C 3 N, CH 3 C 5 N) and two unidentifi ed N-bearing species (C 5 H 5 N, C 6 H 7 N), which reveals the complexity of the chemistry taking place in the upper atmosphere (cf. Ch. 12).
Minor Constituents -Oxygen Compounds
Although Titan's atmosphere is a reducing environment, it contains oxygen compounds, three of which have been detected so far. Carbon dioxide, the fi rst to be discovered (by Voyager 1 in 1980; Samuelson et al. 1983) , is also the best characterized, as observations by Voyager 1, Voyager 2 , ISO , and Cassini all give consistent results (see de Kok et al. 2007 ; Coustenis et al. 2007 , and references therein). To within error bars, CO 2 appears to be uniformly mixed with latitude and altitude above its condensation level in the lower stratosphere and up to at least 200 km, with a (1.5 ± 0.4) × 10 -8 mixing ratio. CO 2 can be easily formed through reaction of CO and OH, itself produced from the photolysis of water. CO was fi rst discovered from ground-based observations at 1.6 µm (Lutz et al. 1983 ) , and extensively re-observed since then, especially at 5-µm (in refl ectance spectroscopy, thermal emission, and non-thermal emission) and through its mm/submm rotational lines observed from the ground and recently from Cassini (see Hörst et al. 2008 for a review of all measurements). Although the early observations generated a large body of controversy as to the abundance and stratospheric vertical distribution of CO, the most recent measurements point to a mean, latitude-independent, mixing ratio of about 40 ppm, with no clear evidence for altitude variation from the surface to the upper atmosphere. For both CO 2 and CO, the spatial and vertical uniformity can be understood in terms of their long chemical lifetimes (typically a few thousand and 500 million years, respectively) with respect to the horizontal and vertical transport timescales. The third oxygen species, water vapor, has been detected by ISO (Coustenis et al. 1998) . The H 2 O column density is 2.6 1.9 1.6 + − × 10 14 mol cm −2 , and the best-determined mixing ratio is 8 6 4 + − × 10-9 at 400 km, although it most likely increases with altitude. A preliminary assessment of the CIRS/ Cassini spectra indicates that water is detected in these data ) , but no estimates on the amount and distribution of water are available yet. Finally, upper limits on CH 3 OH and CH 3 C 2 O are available from INMS/ Cassini (Vuitton et al. 2007 ) .
The presence of H 2 O and CO 2 is a direct proof of an external source of water in Titan's atmosphere, and photochemical models designed to reproduce the observed abundance of all three oxygen species require reassuringly similar OH (H 2 O) fl uxes (Table 10 .1 ). The essential unsolved question is the ultimate origin of this water infl ux, which possibly includes distant (micrometeorite ablation) and/or local (sputtering of icy satellite or ring surfaces, Enceladus venting) sources.
The origin of CO is more uncertain. Early models (Samuelson et al. 1983 ; Yung et al., 1984 ; Toublanc et al. 1995 ; Lara et al. 1996) assumed that the formation of CO proceeds through OH + CH 3 → CO + 2 H 2 (i.e. that a fl ux of water alone could explain all three O-bearing compounds). However, even under this assumption, the OH fl uxes required to sustain the observed amounts of H 2 O and CO 2 fail to produce a ~ 40 ppm CO mixing ratio and the current chemical loss of CO exceeds its steady-state production by typically (1-2) × 10 6 cm −2 s −1 . The problem was exacerbated with the realization (Wong et al. 2002 ) that the OH + CH 3 reaction essentially recycles water, leading to only ~2 ppm of CO in equilibrium. Suggestions to solve this dilemma included: (i) alternate external sources, such as CO contained in micrometeorites (Lara et al. 1996) or delivered by cometary impacts , (ii) surface or internal sources such as oceanic evaporation or volcanic outgassing (Baines et al. 2006) , and (iii) a CO abundance not in equilibrium and refl ecting a larger primordial abundance (Wong et al. 2002 ; Wilson and Atreya 2004) .
The recent discovery of O + ions precipitating into Titan's atmosphere (Hartle et al. 2006 ) provides a new source of oxygen and especially CO because through collisions with the atmosphere O + is ultimately converted into ground-state O( 3 P), which can react with CH 3 to produce CO, either directly (O( 3 P) + CH 3 ® CO + H 2 + H) or through HCHO (Hörst et al. 2008) . These authors showed that essentially all of the incoming O + is converted to CO, so that the observed O + infl ux rate of ~10 6 cm −2 s −1 can provide the observed CO abundance in ~300 million years and approximately balance the chemical loss of CO to CO 2 . Studying the sensitivity of their model calculations to eddy diffusion profi les, Hörst et al. (2008) demonstrated that the abundances and profi les of CO, H 2 O, and CO 2 can be fi t simultaneously with realistic fl uxes of OH (H 2 O) and O( 3 P) (O + ) .
In Tables 10.2 and 10 .3, a brief summary of Titan's stratospheric composition is given at two latitudes (15°S, 54°N) for the 5 mbar pressure level, where the altitude is 115-120 km. It should be kept in mind that the stratospheric composition varies considerably with altitude and latitude with few exceptions such as CH 4 and CO. The reader is strongly encouraged to consult Figs. 10.8 -10.10 in conjunction with Tables 10.2 and 10.3 . Lara et al. (1996) model. b Imposed mixing ratio. c Including sensitivity to eddy diffusion profi le. (1) 
Isotope Ratios
Numerous isotopic ratios have now been determined in Titan's atmosphere, either from in situ measurements (Huygens GCMS, Cassini INMS) or from spectroscopic observations at IR and mm wavelengths obtained from the ground and especially from Cassini/CIRS (see Table 10 .4 ). Most isotopic ratios have been determined separately in several molecules, allowing one to study (i) formation and evolution processes of the atmosphere as a whole, as traced by major species and (ii) chemical fractionation effects in minor species. The interpretation of isotopic ratios in CH 4 , N 2, and CO is discussed in detail in the Chapters 3 and 7. Briefl y, the enhanced D/H in Titan's methane compared to the protosolar value -typically by a factor of 6 -is thought to refl ect a combination of (i) an initially high D/H in the primordial icy material that formed Titan and (ii) fractionation processes at work in the atmosphere, such as methane photolysis and escape (Pinto et al. 1986 ; Lunine et al. 1999 ; Mousis et al. 2002 ; Cordier et al. 2008) . As regards N 2 , the factor ~1.5 enhancement in 15 N/ 14 N has been interpreted as due to non-thermal escape of N 2 (Lunine et al. 1999) , and suggests that Titan's primitive atmosphere was 2-10 times thicker than nowadays (Niemann et al. 2005) . A similar explanation, involving a massive loss of CO in Titan's early history, was put forward by Wong et al. (2002) to explain the factor of ~2 higher than terrestrial 18 O/ 16 O ratio reported by Owen et al. (1999) . There is recent evidence, however, that the enrichment in 18 O is considerably milder (see Table 10 .4 ). Finally, atmospheric escape is also qualitatively consistent with the fact that the 12 C/ 13 C ratio, as measured in CH 4 , is slightly (by 8 %), but unambiguously, smaller than the terrestrial value of 89. The 12 C/ 13 C ratio has been measured in many molecules besides CH 4 , including CH 3 D, C 2 H 2 , C 2 H 6 , HCN, HC 3 N, CO, and CO 2 . To within error bars, all measurements are consistent with the value in CH 4 , although for hydrocarbons Nixon et al. (2008a) report a possible trend for an increasing value with molecular mass. In contrast, the D/H ratio measured in H 2 (Niemann et al. 2005) is somewhat higher than in CH 4 , which might result from fractionation at atmospheric escape. Fractionation by photolysis may also occur. Given the higher binding energy of the C-D bond compared to C-H, this would tend to enhance the D/H ratio in C 2 H 2 , as marginally observed ) , but decrease it in H 2 . Evidence for such an effect is best seen in HCN, in which 15 N/ 14 N is about three times higher than in N 2 . As demonstrated by Liang et al. (2007a) , this results from the self-shielding of 14 N 14 N against photolysis, while 14 N 15 N, whose predissociation states are shifted from those of 14 N 14 N, remains optically thin to greater depths. For pure N 2 photolysis, this would in fact lead to a HC 14 N/HC 15 N ratio as low as 23, considerably overpredicting the observed value of ~60. This implies an additional source of non-fractionated atomic N, attributed to ion/ electron impact on N 2 .
Sources, Sinks, and Photochemistry of Atmospheric Composition
The atmosphere of Titan contains many trace constituents in the form of hydrocarbons (C x H y ), nitriles (C x H y N z ) and aerosols, which are products of the photolysis of methane and nitrogen in the upper atmosphere. Even before Voyager discovered this suite of constituents and that the atmosphere was primarily nitrogen, Strobel (1974) developed the basic framework of methane photochemistry in Titan's atmosphere and concluded that, in the absence of escaping hydrogen atoms and molecules being recaptured, methane would be irreversibly destroyed on a time scale short compared to Titan's age. Yung et al. (1984) developed the fi rst comprehensive post-Voyager model of Titan photochemistry that explained satisfactorily the limited composition data from Voyager. The photochemistry of CH 4 occurs in two distinct, broad altitude/pressure regions. When coupled with the high efficiency for hydrogen escape, it leads to irreversible loss of CH 4 . In addition, CH 4 may be escaping the atmosphere at large rates (cf. Yelle et al. 2008 ; Strobel 2008 Strobel , 2009 ) . The lifetime for atmospheric CH 4 (for column density ~7.5 × 10 24 cm −2 ) is only ~45 MY when its loss rate is constrained by its limiting fl ux through the lower stratosphere and ~15 MY when it is constrained by the largest model chemical loss rate (see Table 10 .5 and discussion below) and implies that it must be continually resupplied from the interior. (Table 10 .5 below provides a convenient list of all loss rates and fl uxes discussed in this section for easy reference.) Direct CH 4 photolysis is driven principally by the intense solar Lyman a line at 121.6 nm, because UV radiation is only absorbed by CH 4 with a signifi cant cross section below 145 nm, even though only 4.5 eV (= 285 nm) is needed to break CH 4 apart. This photolysis is centered at pressures ~7 nbar (~825 km) and in photochemical models contributes a net destruction rate of ~2.9 × 10 9 cm −2 s −1 (e. g. Yung et al. 1984) . The radicals released in CH 4 photolysis react to form initially C 2 H y hydrocarbons (C 2 H 6 , C 2 H 4 , C 2 H 2 ). Methane can also be destroyed by indirect catalytic C 2 H 2 dissociation, whereby the radicals C 2 H and C 2 dissociate CH 4 and recycle C 2 H 2 . This process is most important in the 0.1-1 mbar region (190-300 km) and contributes a loss rate of ~1 × 10 10 cm −2 s −1 , signifi cantly larger than the direct rate. To a lesser extent, methane is also destroyed by ion chemistry, with two CH 4 molecules dissociated per ion pair created. From Wilson and Atreya (2004) their globally averaged, integrated electron production rate times 2 is ~3.6 × 10 8 cm −2 s −1 or when referenced to the surface ~7 × 10 8 CH 4 cm −2 s −1 , are destroyed.
Thus an upward fl ux of CH 4 driven by photochemistry, must be balanced by downward fl uxes of more complex, C 2 , C 3 , C 4 , etc., hydrocarbons carrying the same total number of H 2 escape fl ux at exobase Y: 7.2 × 10 9 ; WA: 5.0 × 10 9 ; L: 4.2 × 10 9 ; C:1.4 × 10 10 ; S9: 1.1 × 10 10 H escape fl ux at exobase Y: 5.5 × 10 9 ; WA: 3.0 × 10 9 ; L: 9.3 × 10 8 CH 4 escape fl ux at exobase Yelle08: (2.5-3) × 10 9 ; S9: 2.1 × 10 9 Ionospheric chemical CH 4 loss (a) WA: ~7 × 10 8 Direct (Ly a ) CH 4 dissociation a Y: 2.9 × 10 9 C 2 H 2 catalytic CH 4 dissociation a Y: 1.1 × 10 10 Total net CH 4 chemical loss (a) and gas phase C atom fl ux Y: 1.5 × 10 10 ; WA: 8.7 × 10 9 ; L: 1.3 × 10 10 Downward C 2 H 6 fl ux at tropopause Y: 5.8 × 10 9 ; WA: 2.2 × 10 9 ; L: 4.1 × 10 9 Downward C 2 H 2 fl ux at tropopause Y: 1.2 × 10 9 ; WA: 5.9 × 10 8 ; L: 3.2 × 10 8 Downward C 3 H 8 fl ux at tropopause Y: 1.4 × 10 8 ; WA: 2.9 × 10 8 ; L: 3.7 × 10 8 Downward mass fl ux of aerosols L: 1.5 × 10 -14 ; B: 1.5 × 10 -14 ;
M: (0.5-2) × 10 -14 g cm −2 s −1 Downward C atom fl ux in aerosols L: 3.8 × 10 8 Downward N atom fl ux in aerosols L: 3.0 × 10 8 Downward H atom fl ux in aerosols L: 2.9 × 10 8 Limiting fl ux of H 2 (@0.4%) S08: 1.3 × 10 10 Y: Yung et al. (1984) ; WA: Wilson and Atreya (2004) carbon atoms. All of these less saturated hydrocarbons condense as liquids or solids in the lower stratosphere and vicinity of Titan's cold tropopause (~70 K), with the exception of C 2 H 4 , to form a pervasive haze layer. Eventually they precipitate from the atmosphere and accumulate on the surface, although to date the precise composition, location, and depth of these end products of CH 4 photolysis is still under intense study by Cassini scientists (cf. Chapter 6). The most abundant photolysis product is C 2 H 6 (cf. Figs. 10.8 -10 .10), which is expected to undergo condensation in the stratosphere 40-50 km above the surface.
The tentative detection of benzene (C 6 H 6 ) at ppbv levels by ISO , added a new dimension to Titan photochemistry, as benzene is the first ring molecule that is generally a precursor to a whole host of heavier hydrocarbons including polycyclic aromatic hydrocarbons (PAH's). Aerosols can form upon polymerization of the PAH's. The only aerosols predicted prior to the detection of benzene were from polyyne (C 2n H 2 ) polymers, HCN polymers, and the condensation of stable C 2 -C 4 hydrocarbons in the lower stratosphere. Wilson and Atreya (2004) developed a comprehensive post-ISO model of the coupled chemistry of the neutral atmosphere and the ionosphere. A simplifi ed chemical scheme for the neutral atmosphere from Atreya et al. 2006 is shown in Fig. 10 .11 . Waite et al. (2007) reported molecules as large as tens of thousand daltons may be present at ionospheric heights, which are probably precursors to aerosol formation in the thermosphere. Cassini UVIS has detected aerosols from 1000 km down to the main haze layer (Liang et al. 2007b) .
Synthesis of complex hydrocarbons can be defeated by H-atom cracking reactions: e. g., H + C 2n H 2 + M → C 2n H 3 + M, H + C 2n H 3 → C 2 H 2 + C 2n-2 H 2 . Since the main Titan haze layer is composed of large, condensed molecules with most of the mass contributed by hydrocarbons, Titan must somehow limit the effi ciency of these H-atom cracking reactions.
The haze particles may play a fundamental role in this process by suppressing the H atom concentration via heterogeneous reactions which recombine H atoms on aerosol surfaces and release H 2 gas (cf. Lebonnois et al. 2003a ; Sekine et al. 2008a, b) . These heterogeneous reactions are more than competitive with the cracking reactions that are slow at Titan's pressures and temperatures.
The key observational facts constraining CH 4 photochemistry are (1) the INMS inferred H 2 escape rate of (1.1-1.4) × 10 10 cm −2 s −1 Strobel 2009 ) , (2) the most abundant photochemically produced gas phase hydrocarbon molecule is C 2 H 6 followed by C 2 H 2 (cf. Figs. 10.8 , 10 .10 ), (3) the stratospheric CH 4 mole fraction is 0.0141 from GCMS (Niemann et al. 2005) , and (4) the thermospheric CH 4 mole fraction obtained by INMS at the lowest altitudes sampled is slightly lower than the stratospheric value ) and indicative of CH 4 destruction. Bézard (2009) inferred the mass production rates of C 2 H 6 and haze from CIRS derived C 2 H 6 and DISR derived haze profi les under the assumption that diffusive transport dominates below their respective formation regions. He obtained a production ratio of 15 times more C 2 H 6 than haze.
From a large number of photochemical model calculations, three were selected to illustrate mass balance and partitioning of photochemical products: (1) Yung et al. (1984) for comprehensive post-Voyager analysis, (2) Wilson and Atreya (2004) , and (3) Lavvas et al. (2008) for contemporary Cassini-Huygens analysis. Table 10 .5 gives relevant magnitudes of CH 4 destruction rates, and downward, escape, and limiting fl uxes that pertain to CH 4 photochemistry. In spite of the 24 year time span and improvement in input quantities and more observational constraints, Yung et al. (1984) and Lavvas et al. (2008) are in essential agreement on these important rates. In addition to these gas phase production rates, Lavvas et al. (2008) calculated individual production rates of C, N, H atoms that are incorporated into haze particles and the total haze production rate (cf . Table 10 .5 ). This latter value is 1/14 of the gas phase mass production rate of C 2 H 6 , as Bézard (2009) concluded from an empirical analysis of Cassini and Huygens data. But Atreya et al. (2006) argued that this ratio may be as large as ½, based on Wilson and Atreya (2004) whose gas phase production rates are systematically lower than Yung et al. (1984) and Lavvas et al. (2008) . The chemical loss and escape of CH 4 must be balanced by upward transport from the lower atmosphere. With the further hypothesis that CH 4 is the source of all other carbon and hydrogen bearing molecules in the atmosphere and escaping from the atmosphere, then stoichiometrically 2 CH 4 → C 2 H 2n + (4-n) H 2 must hold. Note for n = 0, the measured INMS H 2 escape rate places a lower limit on the net CH 4 destruction rate of (5.5-7) × 10 9 cm −2 s −1 . From Table 10 .5 a comparison of the INMS inferred H 2 escape rates with total net CH 4 model loss rates suggests that n = 2 would be the preferred value. But observations indicate that C 2 H 6 is the dominant product which implies n = 3. From the Yung et al. (1984) the effective H 2 (H 2 + ½ H) escape rate is ~1 × 10 10 cm −2 s −1 , the lower end of INMS H 2 values, whereas Wilson and Atreya (2004) and Lavvas et al. (2008) , calculated less, 0.65 × 10 10 and 0.47 × 10 10 cm −2 s −1 , respectively. But certainly some hydrogen is escaping in atomic form, as ionospheric chemistry leads to production of H atoms high in the atmosphere. Thus models to date under predict the H 2 escape rate, because prior to the INMS measurements it was thought that H 2 escape occurred at the Jeans rate, a factor of ~3 lower. To achieve the larger INMS H 2 escape rate and still have C 2 H 6 the dominant product of CH 4 chemistry, the CH 4 chemical destruction rate must be also larger than the values given in Table 10 .5 .
The photochemistry of N 2 occurs mostly in Titan's thermosphere and ionosphere, because the N 2 bond strength of 9.7 eV requires energetic photons, electrons, and ion to break the molecule apart. With no optically allowed excitation paths into repulsive electronic states, dissociation occurs preferentially by indirect paths. Solar radiation between 80 and 100 nm can excite predissociating electronic states which are £ 25 % of the total source of N atoms (Liang et al. 2007a ) . The ion chemistry of N 2 + preserves the N 2 bond, but dissociative ionization of N 2 by either electron impact or solar EUV radiation will produce one N atom and one N + ion, which will react with CH 4 to yield either an N atom or an ion (H 2 CN + or HCN + ). The latter ion reacts with CH 4 to form the former ion and recombination of H 2 CN + produces the nitrile HCN and net loss of CH 4 . Energetic electrons of photolytic and magnetospheric origins can also directly dissociate N 2 . The net effi ciency for producing nitriles depends on the extent of self destruction of odd nitrogen by the reaction N + NH → N 2 + H. Photochemical models estimate the net production/downward fl ux of N atoms from the thermosphere ~(0.5-1) × 10 9 cm −2 s −1 , whereas self destruction by the above reaction limits the downward HCN fl ux to only ~3 × 10 8 cm −2 s −1 and an equal number incorporated into haze particles (Lavvas et al. 2008) . Once the CN bond is formed, it is preserved down through the stratosphere.
Chemistry and Transport of Atmospheric Constituents
Both Voyager IRIS and Cassini CIRS spectra imply that there is enrichment of several organic compounds at high northern latitude during northern winter and early northern spring. Because most of these species are formed high up in the atmosphere from the photo-and electron-impact dissociation of CH 4 and N 2 , their mixing ratio surfaces increase with altitude. A meridional circulation tilts these mixing ratio surfaces in the following sense (cf. Holton and Schoeberl 1988 ; Bacmeister et al. 1995 ; Dire 2000) . Downward motion (subsidence) brings down higher mixing ratios from above while upward motion brings lower mixing ratios from below. Hence enrichment with latitude implies subsidence over Titan's North Pole in its current winter season during the Cassini Nominal Mission. In Fig. 10 .12 is a schematic diagram of what is thought to be the relevant dynamical processes that generate constituent transport and based on analogy with the much better understanding of these processes in the Earth's middle atmosphere. In Fig. 10 .10 there are blue dashed lines that show the region where horizontal potential vorticity gradients are the steepest (~55-65º N) and location of dynamical mixing barriers. In this fi gure the more abundant C 2 H 2 and HCN clearly show enhanced mixing ratios in the northern polar region at high altitudes expected from subsidence. In the case of HCN, most of its formation occurs at higher altitudes, whereas for C 2 H 2 there is also signifi cant formation in the stratosphere. However, C 2 H 2 has a local maximum in mixing ratio at ~200 km in the polar night suggesting a local source and certainly not consistent with simple explanation from subsidence associated with a meridional circulation. On the other hand HCN has a local minimum in its mixing ratio center at ~350 km and 60º N. This cannot be due to gas phase conversion to other gas phase nitriles, e. g. H 3 CN in Fig 10. 10 . But it could be due to heterogeneous reactions removing nitriles and/or condensation, although the temperature is still warm by Titan's standards. Chapter 13 discusses dynamics in much more detail.
Concluding Remarks
At the end of the Cassini-Huygens Nominal Mission, we have a good fi rst order knowledge of the composition and thermal structure of the atmosphere with the exception of the 500-950 km region, variously called the ignorosphere, agnostosphere, etc. Although HASI inferred the thermal structure at equatorial latitudes through this region, it did not yield a pronounced mesopause widely expected from theory. Ground-based millimeter-wavelength provided limited, globally averaged, composition measurements, in comparison to the detailed altitudinal and latitudinal composition and temperature measurements by CIRS for the stratosphere. The UVIS stellar occultation could also provide composition and thermal structure in the ignorosphere region, but the only published analysis (Shemansky et al. 2005 ) has deficiencies noted above. Better knowledge of the ignorosphere structure would be helpful to resolve the vexing factor of ~2.5 density discrepancy among HASI, INMS, and AACS.
The thermosphere is a chemical factory that initiates the formation of complex positive and negative ions in the high thermosphere as a consequence of magnetosphericionospheric-atmospheric interaction involving solar EUV and UV radiation, energetic ions and electrons. This factory produces very heavy positive and negative ions and large molecules, e.g., benzene, naphthalene, nitriles, which apparently condense out and are detectable in solar and stellar UV occultations at ~1000 km (Liang et al. 2007a) , and initiate the haze formation process. As these particles fall through the ignorosphere and grow, they become detectable by remote sensing: UVIS at ~1000 km, ISS at ~500 km and eventual become ubiquitous throughout the stratosphere. These haze particles are strong absorbers of solar UV and visible radiation and play a fundamental role in heating Titan's stratosphere and perhaps the ignorosphere (Lavvas et al. 2009 ) . The differential heating with latitude drives wind systems in Titan's middle atmosphere, much as ozone does in the Earth's middle atmosphere. How intimately coupled is the upper thermosphere with the stratosphere and what is the role of the ignorosphere? It is certainly the region of direct photolysis of CH 4 . Are complex positive and negative ions and large molecules from above necessary for formation of the main haze layer? What is the role of heterogeneous reactions in determining the partitioning of gas phase molecules and the composition of haze particles?
The Cassini Mission has just entered the fi rst extended mission known as the Cassini Equinox Mission to understand the transition for solstitial conditions to equinoctial conditions, especially as the northern polar region emerges out of the polar night and the polar vortex breaks up. In the planning stages is a proposal to extend the Cassini Mission into a northern, summer solstice mission to explore that transition from equinox into solstitial conditions. Thus the entire duration of the Cassini Mission would be a half of Saturnian year and would permit observations of a full seasonal cycle on Titan. 
